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Human immunodeficiency virus type 1 (HIV-1) Vpr induces cell cycle G, arrest in fission yeast (Schizosac-
charomyces pombe) and mammalian cells, suggesting the cellular pathway(s) targeted by Vpr is conserved
among eukaryotes. Our previous studies in fission yeast demonstrated that Vpr induces G, arrest in part
through inhibition of Cdc25, a Cdc2-specific phosphatase that promotes G,/M transition. The goal of this study
was to further elucidate molecular mechanism underlying the inhibitory effect of Vpr on Cdc25. We show here
that, similar to the DNA checkpoint controls, expression of vpr promotes subcellular relocalization of Cdc25
from nuclear to cytoplasm and thereby prevents activation of Cdc2 by Cdc25. Vpr-induced nuclear exclusion
of Cdc25 appears to depend on the serine/threonine phosphorylation of Cdc25 and the presence of Rad24/14-
3-3 protein, since amino acid substitutions of the nine possible phosphorylation sites of Cdc25 with Ala (9A)
or deletion of the rad24 gene abolished nuclear exclusion induced by Vpr. Interestingly, Vpr is still able to
promote Cdc25 nuclear export in mutants defective in the checkpoints (rad3 and chkl/cdsl), the kinases that
are normally required for Cdc25 phosphorylation and nuclear exclusion of Cdc25, suggesting that others
kinase(s) might modulate phosphorylation of Cdc25 for the Vpr-induced G, arrest. We report here that this
kinase is Srkl. Deletion of the srkl gene blocks the nuclear exclusion of Cdc25 caused by Vpr. Overexpression
of srkl induces cell elongation, an indication of cell cycle G, delay, in a similar fashion to Vpr; however, no
additive effect of cell elongation was observed when srk1 and vpr were coexpressed, indicating Srkl and Vpr are
likely affecting the cell cycle G,/M transition through the same cellular pathway. Immunoprecipitation further
shows that Vpr and Srkl are part of the same protein complex. Consistent with our findings in fission yeast,
depletion of the MK2 gene, a human homologue of Srkl, either by small interfering RNA or an MK2 inhibitor
suppresses Vpr-induced cell cycle G, arrest in mammalian cells. Collectively, our data suggest that Vpr induces

cell cycle G, arrest at least in part through a Srkl/MK2-mediated mechanism.

Human immunodeficiency virus type 1 (HIV-1) viral protein
R (Vpr) is a virion-associated accessory protein with an aver-
age length of 96 amino acids and a calculated molecular mass
of 12.7 kDa (14). Increasing evidence suggests that Vpr plays
an important role in the viral life cycle and pathogenesis of
HIV-1. For example, Vpr is required both in vitro and in vivo
for efficient viral infection of nondividing cells such as mono-
cytes and macrophages (21-23). Extracellular addition of Vpr
to latently infected T lymphocytes markedly increased HIV-1
replication (32). Rhesus monkeys, chimpanzees, and human
subjects infected with Vpr-defective viruses demonstrate slow
disease progression, often accompanied by reversion of the
mutated vpr genes back to the wild-type phenotype (17, 19, 30,
56, 65).

Vpr displays several distinct activities in host cells. One of
these activities is to lock host cells into the G, phase of the cell
cycle, known as the G, arrest (22, 24, 51, 52). The cell cycle G,
arrest induced by Vpr is thought to suppress human immune
functions by preventing T-cell clonal expansion (50) and to
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provide an optimized cellular environment for maximal levels
of viral replication (19). Therefore, further understanding of
Vpr-induced cell cycle G, arrest could provide additional in-
sights into molecular actions of Vpr in augmenting viral rep-
lication and modulation of host immune responses.

Vpr induces cell cycle G, arrest in eukaryotic cells ranged
from fission yeast (Schizosaccharomyces pombe) to mammalian
cells, suggesting the cellular pathway(s) targeted by Vpr must
be highly conserved. Indeed, previous studies have demon-
strated that Vpr induces G, arrest by promoting hyperphos-
phorylation of fission yeast Cdc2 or human Cdkl1, a kinase that
determines onset of mitosis in all eukaryotes (22, 51, 64). Vpr
exerts its inhibitory effect through T14 and Y15 of Cdkl and
Y15 of Cdc2, since the expression of nonphosphorylated mu-
tants, T14A Y15F of Cdkl or Y15F of Cdc2, prevents Vpr-
induced G, arrest (12, 22). Furthermore, Vpr inhibits the
Cdc25 phosphatase (3, 13) and activates Weel kinase (13, 58)
to promote phosphorylation of Cdc2/Cdk1 during induction of
G, arrest. Cdc25 normally dephosphorylates Cdc2/Cdkl to
promote mitosis, whereas Weel kinase phosphorylates Cdc2/
Cdk1 that prevents entry of mitosis. Consistent with the roles
of Weel and Cdc25 in Vpr-induced G, arrest, proteins that are
involved in the regulation of Cdc25 or Weel have been iden-
tified to either enhance or inhibit Vpr-induced G, arrest. Fis-
sion yeast Wos2, which is a human p23 homologue and a Weel
inhibitor (45), has been shown to be a multicopy Vpr suppres-
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sor (13). A Cdc25 inhibitor rad24 (36), which is the human
14-3-3 homologue, enhances Vpr-induced G, arrest when
overproduced in fission yeast (13). It is thus clear that a regu-
lated balance between the Weel kinase and the Cdc25 phos-
phatase is critical to determine the Cdc2 activity that in turn
regulates the G,/M transition (13, 18, 41).

Upon DNA damage or inhibition of DNA replication, cel-
lular DNA checkpoint responds to these cellular crises by
inducing cell cycle G, arrest. The G, arrest is achieved by
shuffling Cdc25 to the cytoplasm, where Cdc25 is no longer
able to access Cdc2 and is further degraded by proteolysis (2,
49, 54). In fission yeast, as well as in human cells, the nuclear
exclusion of Cdc25 is dependent on Rad24/14-3-3 proteins and
Cdc25 phosphorylation, which is mediated through the ATR/
ATM-activated Chk1/Chk2 kinases (27, 36, 49, 54, 61). Typi-
cally, 14-3-3 binds to phosphorylated Cdc25 that propels it
from the nucleus to the cytoplasm, where it is undergoes pro-
teasome-mediated degradation (2, 49, 54). Consistent with this
model, a mutant allele of cdc25 that cannot bind to 14-3-3
proteins or a mutant Cdc25 that cannot be phosphorylated at
its nine serine/threonine sites remains nuclear, thus allowing
cells to enter mitosis in spite of treatment with agents that
activate the mitotic DNA checkpoints (61).

Similar to the regulation of Cdc25 in cellular DNA check-
point responses, Vpr appears to prevent Cdc25C from entering
the nucleus (25). Furthermore, Vpr binds to Cdc25C and 14-
3-3 in human cells (18, 26), providing a possible mechanistic
basis for the effect of Vpr on Cdc25 and the cell cycle G,/M
regulation. However, whether the upstream kinases such as
Chk1 or Cds1/Chk2, which normally phosphorylate Cdc25 dur-
ing the DNA checkpoints, are specifically responsible for the
phosphorylation of Cdc25 and subsequent nuclear exclusion
and protein degradation is at present unknown.

Whether Chk1 or Cds1/Chk?2 is responsible for the G, arrest
induced by Vpr is controversial. In fission yeast, mutations in
both chkl and cdsi, which are thought to be part of the check-
points (6, 16, 60), do not block Vpr-induced G, arrest (13, 41).
However, reports from mammalian studies showed that Vpr
activates Chkl1 for the G, induction (67, 68). Considering that
mitotic DNA checkpoints are highly conserved between mam-
malian and fission yeast cells, it is unclear at the moment why,
given that activation of human Chk1 by Vpr is at least partially
required for G, arrest, deletion of chkl, cdsl, or chkl/cdsl
(homologues of Chk1/Chk2) does not block Vpr-induced G,
arrest in fission yeast (12, 13). One possibility is that other
kinase(s), i.e., other than Chkl or Cds1/Chk2, are involved in
the phosphorylation of Cdc25 during the G, induction by Vpr.

The fission yeast Srkl kinase (for Styl-regulated kinase 1)
and its mammalian counterpart, MAPKAP kinase-2 (MK2),
have recently been implicated as a third possible kinase, in
addition to Chkl and Chk2, to regulate Cdc25 (35, 38). The
Srk1 phosphorylates Cdc25 by direct interaction at the same
phosphorylation site as Chkl and Cdsl, and that overexpres-
sion of srk! causes cell cycle arrest in a cell lacking both Cdsl
and Chk1 (35). Importantly, Srkl does not regulate Cdc25 in
response to the DNA damage or replication checkpoints but
only under the normal growth conditions or in response to
nongenotoxic environmental stress (35). Similarly, Ser216 of
Cdc25C has also been shown to be the optimal phosphoryla-
tion site by MK2 and depletion of MK2 by small interfering
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TABLE 1. Fission yeast strains

Strain Host genotype fgfue 1;0;2;
SP223 h™ ade6-216 leul-32 ura4-294 Lab stock
RA112  h™ srkl:kanMXO6 leul-32 ura4-DIS 35
RE007  h~ ade6-216 leul-32 4
ura4-294::vpr(NL4-3)::ura4™

RE076  h~ ade6-216 leul-32 13
ura4-294::vpr(F341)::ura4™

RE109  h~ cdc25GFPint cdc25::ura4™ leul-32 leu2*  This study
ura4-294::vpr(NL4-3)::ura4™

Q2016  h~ cdc25GFPint cdc25:ura4™ leul-32 leu2™ 7

Q2019 k" cdc25GFPint cdc25::ura4” rad24::ura4™ 7
leul-32 leu2™*

RE285  ¢dc25GFPint cdc25::ura4™ rad3-136 leul-32 This study
leu2" ura4-294::vpr(NL4-3)::ura4™

SH2 leul-32 ura4-294:vpr(F341)::ura4™* This study
srkl::kanMX6

SH3 cdc25GFPint cdc25::ura4”" rad24::ura4™* This study
leul-32 leu2™ kanr::vpr(NL4-3)::ura4-294

SH4 chkl:ura4™ leul-32 This study
kanr::vpr(NL4-3)::ura4-294

SHS5 cdsl:urad™ chkl:urad™ leul-32 This study
kanr::vpr(NL4-3)::ura4-294

SH6 cdsl:ura4™ leul-32 This study

ura4-294::vpr(NL4-3)::ura4™

RNA (siRNA) abolished UV-induced Cdc25C phosphoryla-
tion (38).

Because of the controversy regarding the involvement of
Chk1/Chk2 and the other regulators of Cdc25, it is possible
that Vpr may inhibit Cdc25 by phosphorylation through a
different kinase such as Srk1/MK2. Thus, a more detailed
knowledge of the mechanisms involving Cdc25 should provide
new insight about the cellular response to vpr gene expression
during the induction of cell cycle G, arrest. The goal of the
present study was to use the fission yeast model to further
delineate the molecular regulation of Cdc25 in response to vpr
gene expression. We hypothesized that Vpr induces cell cycle
G, arrest at least in part through an Srk1/MK2-mediated reg-
ulatory pathway. The results described here confirm this hy-
pothesis. Our data in fission yeast have further shown that, as
in mammalian cells and the DNA checkpoints, Vpr also pro-
mote nuclear exclusion of Cdc25 through a Rad24/14-3-3-de-
pendent mechanism. However, Chk1/Cdsl, the fission yeast
homologues of human Chk1 and Chk2, are not involved in the
Cdc25 nuclear exclusion. Instead, Srk1/MK2 is one of the ki-
nases modulated by Vpr to inhibit Cdc25 for the induction of
cell cycle G, arrest.

MATERIALS AND METHODS

Yeast strains, media and genetic manipulations. The S. pombe strains used in
the present study are listed in Table 1. Strains were grown in complete medium
containing adenine (YEA) or Edinburgh minimal medium (EMM) by using
standard culture techniques (44). Standard genetic and biochemical methods for
studying fission yeast were followed as described previously (44). Conjugation
and sporulation were performed on SPAS mating plates, followed by the random
spore analysis (44). Briefly, 10° cells of two opposite mating type strains were
mixed together, and the total cells were spotted onto the SPAS plates. Formation
of four-spore containing asci was seen under the light microscope after 2 to 3
days of incubation at 30°C. A total of 1 ml of sterile distilled water was inoculated
with a loopful of the cross, and glusulase (Perkin-Elmer) was added at a final
concentration of 0.5%. The mixture was incubated for 6 h at 30°C. Then, 1,000
spores were plated out on the uracil (75 pg/ml) containing YEA (YEAU)
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medium. The plates were then incubated at 30°C, and the colonies were analyzed
on the EMM plates containing appropriate supplements. Genetic deletion of a
specific allele in different strains was also validated by PCR with sequence-
specific primer pairs.

Cell growth and gene expression in fission yeast cells. Gene induction under
the control of the fission yeast nmtI (for no message in thiamine 1) promoter in
liquid medium has been previously described (43, 64). Cells containing nmtI
promoter plasmid were maintained in appropriately supplemented EMM with 20
M thiamine. For gene induction, cells were first grown to mid-log-growth phase
in the presence of 20 uM thiamine. Cells were then washed three times with
distilled water and diluted at a final concentration of approximately 2 X 10°
cells/ml in 5 ml of appropriately supplemented EMM with (gene-off) or without
(gene-on) thiamine. All cells were normally grown at 30°C with constant shaking
at 200 rpm.

Fluorescence microscopy. A Leica DMR fluorescence microscope (DM4500B;
Leica Microsystems) equipped with a high-performance camera (Hamamatsu)
and an OpenLab software (Improvision) was used for all of the imaging analysis.
For measuring the subcellular localization of green fluorescent protein (GFP)-
tagged Cdc25 fusion proteins in fission yeast, live cells were observed under a
fluorescence microscope, and images were captured 18 to 20 h after vpr gene
induction. The location of Cdc25 was detected by emission of the green fluores-
cent signals, and the nuclear compartmentation was confirmed by DNA staining
with 1 pg of DAPI (4',6’-diamidino-2-phenylindole)/ml. To block nuclear export
of proteins, leptomycin B (LMB) was added to the culture at a final concentra-
tion of 20 ng/ml, and the cells were then visualized 1 h later as described
previously (61). Cells were also treated with cisplatin, a DNA-damaging agent
(29), at a final concentration of 0.5 mM, and they were visualized 4.5 h later. To
measure cell length, cell images were first captured, and the cell length was
measured individually as previously described (4, 13) with the captured images by
using the OpenLab software according to the manufacturer’s instructions.

Cell lysis and immunoblotting analysis. For fission yeast, cell lysates were
prepared by the glass beads method using lysis buffer (50 mM Tris-HCI [pH 8],
50 mM NaF, 1 mM Na;VO,, 5 mM EDTA, 150 mM NaCl, 10% glycerol, 0.1%
Triton X-100) supplemented with protease inhibitors as previously described (4).
For mammalian cells, the cell lysates were prepared by resuspending the cells in
lysis buffer (50 mM Tris-HCI [pH 7.5], 2 mM EDTA, 150 mM NaCl, 1% Triton
X-100) also supplemented with protease inhibitors as described previously (4,
33). All cell extracts were centrifuged for 20 min at 14,000 rpm. The supernatants
were removed and placed into new tubes. The protein concentration was calcu-
lated by using a BCA protein assay kit (Pierce). In some cases, proteins were
immunoprecipitated from the cell lysates with the indicated antibody overnight
at 4°C. The protein-antibody complexes were subsequently collected by adding
protein A-agarose beads, and immunoprecipitates were washed three times with
phosphate-buffered saline (PBS) buffer containing protease inhibitors prior to
analysis.

For Western blot analysis, 25 to 50 pg of proteins was electrophoresed through
10 to 20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gradient gels (premade by Bio-Rad) and electrophoretically transferred
to nitrocellulose membranes. Membranes were incubated for 60 min at room
temperature in blocking buffer (TBST-5% milk). Membranes were then incu-
bated overnight at 4°C with the primary antibody diluted in blocking buffer
(TBST-2% milk). The immunoblots were washed three times in TBST and
incubated with the secondary antibody for 60 min at room temperature. The
immunoblots were washed again three times in TBST, and the proteins were
visualized by using the chemiluminescence detection kit (Pierce). The following
primary antibodies were used: mouse monoclonal anti-hemagglutinin (anti-HA;
HA-7) antibody (dilution, 1/10,000; Sigma), mouse monoclonal anti-B-actin (AC-
15) antibody (dilution, 1/5,000; Sigma), rabbit polyclonal anti-MAPKAPK-2 an-
tibody (dilution, 1/1,000; Cell Signaling), rabbit polyclonal anti-Cdc25C Ser216
(dilution, 1:500; Cell Signaling), and mouse monoclonal anti-Cdc25C (0.5 pg/p.l;
Upstate); rabbit polyclonal anti-Vpr serum (dilutions, 1/300 or 1/500 as indi-
cated) was custom generated by the Proteintech Group, Inc. (Chicago, IL). Goat
anti-mouse horseradish peroxidase-conjugated and goat anti-rabbit horseradish
peroxidase-conjugated antibodies were used as secondary antibodies (dilution,
1/5,000; Bio-Rad).

Mammalian cell culture, siRNA transfection, and vpr expression. The DL-3
cell line, generated in our laboratory (4), is a derivative of the HEK293VE-632
cell line that is stably transfected with an inducible vpr expression plasmid
(pZH-vpr) (66). DL-3 cells were maintained in Dulbecco modified Eagle me-
dium (Cellgro) supplemented with 10% fetal bovine serum (Invitrogen) and 100
pg of zeocin and 200 pg of hygromycin B (both from Invitrogen)/ml. The
expression of vpr was induced by 1 uM muristerone A (Invitrogen) for 72 h as
described previously (4, 66). The anti-MK2 siRNA, which was designed and
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validated to specifically silence the expression of the MK2 gene (GenBank ac-
cession numbers NM_004759 and NM_032960), was purchased from Ambion
(catalog no. AM51331; ID no.1598). The siRNA-MK2 was transfected at a
concentration of 20 nM into approximately 10° dividing DL-3 cells by using
Lipofectamine RNAIMAX reagent according to the manufacturer’s instructions
(Invitrogen). At 24 h posttransfection (p.t.), DL-3 cells were treated with muri-
sterone A to induce vpr expression. Cells were harvested 24, 48, or 72 h p.t. for
cell growth, observation of cell morphology, and immunoblotting analyses. For
flow cytometric analysis, the same cells were collected at 72 h p.t. As an alter-
native procedure, approximately 10° dividing DL-3 cells were also treated with a
selective MK2 inhibitor (MK2a; Calbiochem; catalog no. 475863), which inter-
rupts p38a-mediated MK2 phosphorylation (10, 37) at a final concentration of 50
M. At 24 h after the MK2a treatment, the existing medium was replaced by
fresh medium containing MK2a at 50 wM, and the expression of vpr was then
induced with muristerone A for 72 h.

Cell cycle analysis by flow cytometry. Cells were treated with trypsin and
washed twice with 5 mM EDTA-PBS buffer. Cells were resuspended and fixed
with 70% cold ethanol, and they were incubated for 10 min on ice. Fixed cells
were washed twice with 5 mM EDTA-PBS buffer and diluted at a final concen-
tration of 10° cells/ml in PBS buffer. The fixed cells were then incubated with
RNase A (5.0 pg/ml) for 30 min at 37°C and placed on ice for 60 min after the
addition of propidium iodine (10 pg/ml). DNA profiles of the propidium iodine-
stained cells were analyzed on a Becton-Dickinson FACScan, the data were
analyzed, and cell cycle plots were generated by using ModFit software (Verity
Software House).

Other molecular and cellular techniques. The growth dynamics of HEK293
cells with or without the MK2 knockdown was determined by measuring cell
growth. A total of 10° cells were initially inoculated, and the cell numbers were
manually counted under the microscope by using a hemacytometer. Possible cell
death caused by the MK2 knockdown was evaluated by trypan blue staining, a
dye that specifically recognizes dead cells (Sigma). The doubling time of each cell
population was then calculated. The images of these cells were captured at the
indicated times by using a Leica microscope to document the cell morphology.

RESULTS

Vpr promotes cytoplasmic compartmentalization of Cdc25
through serine/threonine phosphorylation of Cdc25. Earlier
studies showed that Vpr induces cell cycle G, arrest in part by
inhibiting the Cdc25 phosphatase activity both in fission yeast
and in mammalian cells (13, 18). Mammalian data further
showed that Vpr binds directly to Cdc25C and 14-3-3, which
typically binds to Cdc25C when cellular checkpoint controls
are activated (49, 61). However, whether the binding of Vpr to
Cdc25C or the inhibitory effect of Vpr on the Cdc25C phos-
phatase activity is required for Vpr-induced G, arrest is not
clear at present since both the catalytic active Cdc25C with
reduced binding to Vpr and the catalytic inactive Cdc25C that
binds to Vpr are able to overcome Vpr-induced G, arrest (18).
Interestingly, another study in mammalian cells further showed
that Vpr facilitates redistribution of Cdc25C into the cyto-
plasm (25). It is thus conceivable that Vpr may inhibit Cdc25
by limiting the access of Cdc25 to Cdc2 in the nucleus, thereby
resulting in the hyperphosphorylation of Cdc2. Here we were
interested to determine whether Vpr has a similar effect on
Cdc25 subcellular redistribution in S. pombe.

To facilitate the examination of Cdc25 cellular distribution,
the Cdc25 protein was fused with a GFP at its N-terminal end
as previously described (36). It has been demonstrated previ-
ously that the gfp-cdc25 expression is capable of rescuing the
cdc25-22 mutant; thus, the GFP tag does not affect the Cdc25
functions (61). To ensure the GFP-Cdc25 behaves the same
way as previously described, the GFP-Cdc25 subcellular local-
ization was first monitored in wild-type strain without vpr gene
expression (Fig. 1A). The plasmids DNA containing the gfp-
cdc25 fusion or gfp by itself were transformed into the wild-
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FIG. 1. Vpr promotes cytoplasmic compartmentalization of Cdc25 through serine/threonine phosphorylation of Cdc25. The wild-type SP223
strain (A) and the RE007 (B) yeast strain, which is a derivative of the SP223 containing a single integrated copy of the vpr gene under the control
of the nmtl promoter, were transformed with pREP41x-GFP, pREP41x-GFP-cdc25, or pREP41x-GFP-cdc25(9A). To visualize the subcellular
localization of Cdc25, these strains were grown in liquid selective medium in the absence of thiamine for 20 h to induce gene expression. (Ba) All
of the cells were collected 20 h after gene induction and visualized microscopically. Cdc25 was detected by the emission of green fluorescence, and
nuclear DNA was stained with DAPI. Bar, 10 pm. (Bb) Immunoblot analysis was performed in the test strains to confirm the absence or expression
of vpr in the wild type or the RE007 strains after transformation with the plasmids of pREP41x-GFP, pREP41x-GFP-cdc25, or pREP41x-GFP-
cdc25(9A), labeled 1, 2, and 3, respectively. (C) The RE109 yeast strain, which is derived from RE(007 strain carrying an integrated copy of the cdc25-gfp
gene, was grown in liquid culture for 20 h in the presence (vpr-off) or in the absence (vpr-on) of thiamine to induce vpr gene expression. The cdc25-gfp
gene is constitutively expressed under its native promoter (7). Immunoblot analysis was carried out and confirmed the expression of vpr in the RE109
strain (data not shown). For all of the immunoblot analyses, vpr-repressing and vpr-expressing cells were collected and lysed 20 h after gene induction.
Equal amounts of proteins (25 ug) were loaded onto a 10 to 20% gradient SDS-PAGE gel. Vpr was visualized with anti-Vpr (dilution, 1/500). (D) Vpr
promotes protein degradation of Cdc25. Wild-type (SP223) and RE007 yeast strains transformed with pREP41x-GFP-Cdc25 were grown in liquid culture
for 24 h in the presence or absence of thiamine to induce gene expression. Cell fractionation was performed to obtain cytoplasmic (C) and nuclear
(N) extracts from the cells. A Western blot analysis was carried out to detect Vpr and Cdc25. G.I., gene induction.
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type SP223 S. pombe cells. Both of these two proteins were
produced under the control of a thiamine repressible nmtl
promoter (43) and cellular location of Cdc25 in live fission
yeast cells collected 20 h after gene induction were visualized
by microscopy. Consistent with the earlier studies (36, 61), the
GFP-Cdc25 protein was found in both the cytoplasm and the
nucleus of the cells, with relative higher concentration of GFP-
Cdc25 in the nucleus (Fig. 1A, middle row). Nuclear accumu-
lation of the Cdc25 was detected in 75% = 3% of the cells
expressing gfp-cdc25. The cells were further stained with DAPI
for nuclear DNA, and the overlapping images between green
fluorescent signals and DAPI staining confirmed the abundant
presence of GFP-Cdc25 in the nucleus (Fig. 1A, middle row).
In contrast, GFP alone dispersed throughout the cell (Fig. 1A,
top row).

To test the effect of vpr gene expression on subcellular lo-
calization of GFP-Cdc25, the same experiments were carried
out in the RE0Q7 strain, which is a derivative of the wild-type
SP223 but contains a single integrated copy of the vpr gene in
its chromosome (4). At 20 h after vpr gene induction, the
subcellular location of the GFP-Cdc25 was examined by fluo-
rescence microscopy (Fig. 1Ba). Different from the nuclear
presence of Cdc25 in the wild-type cells, the GFP-Cdc25 was
predominantly localized in the cytoplasm in the vpr-expressing
cells (Fig. 1Ba, middle row). Nuclear GFP-Cdc25 was detected
only in 20% = 3% of the vpr-expressing cells compared to
75% = 3% of the cells without Vpr (Fig. 1A, middle row).
Regardless of the presence of Vpr, the localization of GFP in
REOQ07 strain remained dispersed throughout the cell, suggest-
ing that the redistribution of Cdc25 observed in the vpr-ex-
pressing cells is Cdc25 specific (Fig. 1Ba, top row).

To avoid the potential artifacts induced by the ectopic ex-
pression of gfp-cdc25 or the GFP tagging, the Vpr-mediated
redistribution of Cdc25 was further verified by using a yeast
strain RE109 that carries a single integrated copy of cdc25-gfp
gene in the cdc25" genomic locus. In addition, the cdc25 gene
was tagged with gfp at its C terminus and expressed from the
genome under its own endogenous promoter of cdc25 as pre-
viously reported (7). The RE109 strain was generated by ge-
netic crossing between Q2019 and REO007; thus, it also carries
a single integrated copy of the vpr gene in the chromosome as
the REOO7. Similar to what we observed in cells, when the
GFP-Cdc25 was ectopically produced, the Cdc25-GFP was also
found predominantly (80% = 6%) nuclear in the vpr-repress-
ing cells (Fig. 1C, left). Upon vpr expression, most of the cells
had cytoplasmic Cdc25-GFP; only 9% of them had nuclear
Cdc25-GFP (Fig. 1C).

To confirm Vpr-mediated nuclear export of Cdc25, we car-
ried out Western blot analysis to compare the protein levels of
Cdc25 in the cytoplasm and nuclear compartments using the
cells shown in Fig. 1B. Careful comparison of the Cdc25 pro-
tein levels in cells with or without vpr gene expression revealed
that Cdc25 might have been degraded in the vpr-expressing
cells. As shown in Fig. 1D, Cdc25 is mainly nuclear in the
wild-type cells without Vpr (Fig. 1D, lane 6). No Cdc25 was
detected in the cytoplasm compartment (Fig. 1D, lane 8).
When the Cdc25 protein levels were remeasured in the nuclear
and cytoplasm fractions, however, a reduced Cdc25 protein
level was seen in the nucleus, and no Cdc25 was detected in the
cytoplasm, indicating potential protein degradation of Cdc25
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once it is redistributed into the cytoplasm (Fig. 1D, lane 4).
This is in sharp contrast with cells without Vpr, in which Cdc25
was mainly nuclear (Fig. 1D, lane 6). Therefore, this observa-
tion suggests that Vpr may promote protein degradation of
Cdc25 once it enters the cytoplasm.

Cell cycle G, arrest and nuclear export of Cdc25 are also
observed typically in cells with activated mitotic DNA check-
points. In response to DNA damage or inhibition of DNA
replication, Cdc25 is first being phosphorylated at the serine/
threonine sites, followed by binding to Rad24, which escorts
Cdc25 to the cytoplasm (15, 36, 61). A mutant of Cdc25 pro-
tein, Cdc25(9A), which contains alanine in place of the nine
possible serine/threonine phosphorylation sites, has been
shown to severely impair its ability to bind Rad24. Conse-
quently, it remains in the nucleus regardless of the cellular
checkpoint responses (61).

To investigate whether the phosphorylation of Cdc25 at
these sites is also involved in the nuclear export of Cdc25
induced by Vpr, the RE007 strains was transformed with plas-
mid DNA carrying a gfp-cdc25(94) gene, and the subcellular
localization of GFP-Cdc25(9A) was compared to that of the
wild-type gfp-cdc25 gene in the presence or absence of Vpr.
Significantly, the subcellular localization patterns of the mu-
tant Cdc25 were essentially the same regardless of the absence
or presence of Vpr (Fig. 1A, bottom row, versus Fig. 1Ba,
bottom row). The GFP-Cdc25(9A) accumulated predomi-
nantly in the nucleus of 95% * 2% of both types of cells,
suggesting that the wild-type GFP-Cdc25 is actively exported
from the nucleus to the cytoplasm by Vpr, possibly via phos-
phorylation at the serine/threonine sites of Cdc25.

Vpr-mediated nuclear exclusion of Cdc25 is Rad24 and
Crml dependent. In cells with activated DNA checkpoint con-
trols, Chkl or Cdsl phosphorylates Cdc25, which creates a
binding site for Rad24 that escorts Cdc25 from the nucleus to
the cytoplasm (61). Because phosphorylation of Cdc25 is re-
quired for nuclear export induced by Vpr, we were interested
in testing whether Vpr-mediated nuclear-cytoplasmic shutting
also relies on Rad24. To address this question, subcellular
distribution of Cdc25 was examined in a rad24 deletion mutant
(SH3) in the presence or absence of Vpr. The fission yeast
strain SH3, which carries a deletion of rad24 gene and a single
integrated copy of vpr and Cdc25-GFP genes, was generated by
genetic crossing between Q2019 and RE109 (Fig. 2A). As a
control, the subcellular distribution of Cdc25-GFP was also
monitored in a wild-type vpr-expressing RE109 strain (Fig. 2A,
top row, and Fig. 2B). Consistent with our observation shown
in Fig. 1C, upon vpr expression the Cdc25-GFP redistributed
from the nucleus to the cytoplasm (Fig. 2A, top row). In con-
trast, in the Arad24 mutant strain Cdc25 was retained in the
nucleus regardless of whether the vpr gene is expressed (Fig.
2A, bottom row), suggesting that the cytoplasmic redistribu-
tion of Cdc25 induced by Vpr is indeed dependent on Rad24.
The inability of Cdc25 to exit the nucleus in the Arad24 strain
was further confirmed by examining its localization in the
Q2019 strain, in which 96% =+ 1% of the rad24 deletion cells
(Fig. 2A, middle row) was observed with nuclear Cdc25-GFP
(61).

To further examine whether nuclear export of Cdc25 in-
duced by Vpr is mediated through an active nuclear import-
export process, the subcellular distribution of Cdc25-GFP in
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FIG. 2. Vpr-mediated nuclear exclusion of Cdc25 is Rad24 and
Crm1 dependent. (A) Rad24-dependent nuclear exclusion. The RE109
(rad24™ vpr), Q2019 (Arad24), and SH3 (Arad24 vpr) fission yeast
strains were grown in liquid culture for 20 h either in the presence
(vpr-off) or in the absence (vpr-on) of thiamine to induce gene expres-
sion. Immunoblot analysis was performed to confirm the proper ex-
pression of vpr in RE109 and SH3 cells. The same levels of Vpr
proteins were expressed in each of these samples (data not shown).
(B) Treatment of vpr-expressing cells with the nuclear export Crml
inhibitor LMB blocks the Vpr-mediated nuclear exclusion of Cdc25.
The RE109 fission yeast strain was grown in liquid culture for 20 h
either in the presence (vpr-off) or in the absence (vpr-on) of thiamine
to induce gene expression. When indicated, LMB was added to the
culture at a final concentration of 20 ng/ml as previously described (4,
61), and cellular localization of Cdc25 were performed 1 h after the
treatment. Immunoblot analysis was performed to confirm the proper
expression of vpr in the RE109 cells either in the presence or in the
absence of LMB. For the immunoblot analyses, all cells were collected
and lysed 20 h after gene induction. Equal amounts of proteins (25 p.g)
were loaded onto SDS-PAGE gels, and the Vpr was visualized with
anti-Vpr (dilution, 1/500). The same levels of Vpr proteins were ex-
pressed in each of these samples (data not shown). Subcellular local-
ization of Cdc25-GFP was visualized microscopically by the emission
of green fluorescence. Bar, 10 pwm.

the presence or absence of Vpr was monitored in RE109 cells
treated with LMB, a specific inhibitor of Crm1 (47) that is a
key protein involved in the nuclear export of proteins (Fig. 2B).
The expression of vpr was first induced for 20 h in the RE109
cells, and these cells were then treated with LMB for 1 h as
described previously (4, 61). As shown in Fig. 2B (left side), the
wild-type cells with or without LMB treatment showed a sim-
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ilar and predominant presence of Cdc25 in the nucleus. Ap-
proximately 81% = 1% of the cells show nuclear Cdc25-GFP
without treatment (Fig. 2B, top left) versus ca. 95% * 1% in
the LMB-treated cells (Fig. 2B, bottom row). Even though
Cdc25 in most of the vpr-expressing cells is uniformly distrib-
uted throughout the cells without LMB (Fig. 2B, top right),
treatment of the vpr-expressing cells with LMB prevented the
nuclear export of Cdc25-GFP, resulting in the pronounced
presence of nuclear Cdc25. About 50% * 4% of the LMB-
treated vpr-expressing cells was then detected with Cdc25-GFP
in the nucleus (Fig. 2B, bottom row). Therefore, the nuclear
export of Cdc25 by Vpr is likely mediated through an active
nuclear-cytoplasm shuttling via Crml.

Cells defective in DNA damage and DNA replication check-
points do not affect the Vpr-mediated nuclear export of Cdc25.
Since Vpr keeps Cdc25 out of the nucleus in a way similar to
the classic mitotic checkpoint responses, the possibility that
Vpr might regulate the activity of Cdc25 through cellular com-
ponents of the same checkpoint signaling pathway was evalu-
ated. Rad3 kinase, the human homologue of ATM/ATR, is a
critical component of both the DNA replication and the DNA
damage checkpoints in S. pombe. The subcellular distribution
of Cdc25-GFP under the vpr-expressing conditions was exam-
ined in a fission yeast strain RE285 that carries the rad3-136
mutation and single integrated vpr and cdc25-gfp genes. The
lack of the checkpoint response in the RE285 strain was first
tested by treating them with cisplatin (Fig. 3A), a DNA-dam-
aging agent (29). As a control, the wild-type Q2016 cells ex-
pressing cdc25-gfp was also treated with cisplatin. Consistent
with the idea that cisplatin triggers DNA damage checkpoint
resulting in cell cycle G, arrest, cisplatin-treated wild-type cells
became much elongated (Fig. 3A, top row), an indication of
cell cycle arrest (31, 48). In contrast, cisplatin-treated rad3-136
cells did not show elongated phenotype, indicating loss of the
checkpoint response (Fig. 3A, bottom row). Consistent with
these phenotypes and previous reports (36, 61), treatment of
the wild-type cells with cisplatin caused nuclear exclusion of
Cdc25 (Fig. 3A, top row). Conversely, the rad3-136 mutation
blocked cisplatin-mediated nuclear export of Cdc25 (Fig. 3A,
bottom row). Approximately 81% * 3% of the cisplatin-
treated rad3-136 cells was observed with a strong nuclear
Cdc25-GFP compared to 3% = 1% of the cisplatin-treated
wild-type cells (Fig. 3A). When the vpr gene was expressed in
these strains, however, the localization pattern of Cdc25-GFP
was found to disperse throughout the cells regardless of the
cells are wild-type or rad3-136 (Fig. 3A). Therefore, genetic
defect in the checkpoint rad3 gene does not appear to affect
the ability of Vpr to expel Cdc25 to the cytoplasm.

The kinase Srkl, instead of Chkl or Cdsl, is required by
Vpr for the nuclear export of Cdc25. Since Rad3 is an early
checkpoint protein, we next tested whether Chkl or Cdsl,
which normally phosphorylate Cdc25 as the late steps of the
DNA checkpoint controls, are involved in the Vpr-mediated
nuclear export of Cdc25. The Achkl (SH4), Achkl/Acdsl
(SHY), and AcdsI (SHO) fission yeast strains, all of which also
carry a single integrated copy of the vpr gene (13), were trans-
formed with the expression vector pREP41x-gfp-cdc25, and the
subcellular distribution of GFP-Cdc25 was examined under the
influence of Vpr. Similar to what we observed in the rad3-136
mutant strain, the Achkl and/or Acdsl deletions had no effect
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FIG. 3. Fission yeast cells defective in DNA damage or DNA rep-
lication checkpoints do not affect Vpr-mediated nuclear export of
Cdc25. The rad3-136 mutation blocks nuclear export of Cdc25 induced
by cisplatin (A) but not that induced by Vpr (B). The wild-type
(Q2016) and rad3-136 (RE285) fission yeast strains were grown in
liquid culture for 20 h in the presence of thiamine. When indicated,
cisplatin was added to the culture at a final concentration of 0.5 mM,
and the cell size and subcellular location of Cdc25 were determined
4.5 h after treatment. The wild-type (RE109) and rad3-136 (RE285)
fission yeast strains were grown and assayed the same way as described
above. Bar, 10 pm.

on Vpr-mediated nuclear export of GFP-Cdc25 (Fig. 4A), sug-
gesting that the effect of Vpr on nuclear-cytoplasmic shutting
of Cdc25 is independent of these major checkpoint control
kinases.

That the rad3-136, Achkl, and Acdsl mutations are capable
of blocking nuclear export of Cdc25 induced by checkpoints
(35, 60) but do not block nuclear export of Cdc25 induced by
Vpr suggests that the regulatory effect of Vpr on Cdc25 is not
mediated primarily through the DNA damage or DNA repli-
cation checkpoints. Since Vpr-mediated nuclear export of
Cdc25 required serine/threonine phosphorylations (Fig. 1Ba),
kinase(s) other than Chkl or Cds1 must be involved in regu-
lating the inhibitory phosphorylation of Cdc25 induced by Vpr.
One recent report led us to believe that Srkl might be a
candidate (35). In that report, it was shown that Srk1 acts as a
negative regulator of the G,/M transition. Specifically, under
normal cell cycle conditions or cellular response to osmotic
stress, Srkl negatively controls mitotic entry by direct and
inhibitory phosphorylation of Cdc25 (35). Moreover, Srkl
phosphorylates Cdc25 on some of the same residues that Chk1
and Cdsl phosphorylate during cellular checkpoint responses,
and these phosphorylations are necessary for Srkl to induce
the cell cycle G, arrest (35). Therefore, the possibility that Vpr
may promote the nuclear export of Cdc25 through Srkl was
evaluated by observing the subcellular localization GFP-Cdc25
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in the Asrk] yeast strain transformed with the expression vec-
tors of pREP41x-gfp-cdc25 and pYZ2N-vpr (Fig. 4A). As
shown in (Fig. 4A, bottom row), GFP-Cdc25 remained primar-
ily in the nucleus in spite of the vpr gene expression. Western
blot analysis further confirmed proper production of Vpr in
this strain (data not shown). This finding is in contrast to the
wild-type control, wherein Vpr induced a strong cytoplasmic
compartmentalization of GFP-Cdc25 (Fig. 4A, top row). To
test whether the Asrkl mutation itself affects localization of
Cdc25, plasmids containing GFP, GFP-Cdc25, or GFP-
Cdc25(9A) were introduced into the RA112 strain, and sub-
cellular localizations of these proteins were observed under a
fluorescence microscope. Regardless of whether the cells were
srkI* or Asrkl, both GFP-Cdc25 and GFP-Cdc25(9A) local-
ized principally in the nucleus (Fig. 4B), suggesting that the
deletion of srkl gene has no noticeable effect on Cdc25 under
normal conditions. Together, these findings suggest that Srkl
is required by Vpr to promote the nuclear export of Cdc25.

Vpr induces cell cycle G, arrest through association with
Srkl. Overexpression of srkl was shown to induce cell cycle G,
arrest, as indicated by greatly increased cell length and mea-
surement of the DNA content (35). To verify this phenotype,
we also expressed skl " and kinase-defective srk!(K1534) mu-
tants in wild-type SP223 cells. As shown in Fig. 5SA (top row)
and consistent with the Lopez-Aviles’s report, a greatly elon-
gated cell phenotype was observed compared to srkl-repress-
ing cells (38.9 = 4.4 pm versus 10.3 = 1.4 wm). In contrast,
significant reduction of the Srkl-induced cell elongation
(18.0 = 0.5 wm) was seen in cells expressing the kinase-defec-
tive srk1(K1534) mutant. We noticed that, compared to the
srk1(K153A4)-repressing cells, Srk1(K153A) still caused signif-
icant cell elongation (18.0 = 0.5 versus 10.1 * 1.7 wm). This
may indicate a residual Srk1 kinase activity of this mutant (Fig.
5A, bottom row).

In order to functionally link the role of Srk1 to Vpr-induced
cell cycle G, arrest, the possible effect of srkl expression on
Vpr-induced cell elongation (13, 41) was evaluated. A fission
yeast strain RE076 that carries in its genome a single inte-
grated copy of vpr(F34I) gene under the control of the nmt!
promoter was used to test the Srkl effect (13). This Vpr mu-
tant, in which phenylalanine was replaced with isoleucine at
position 34 (F34I), was used here because Vpr(F34I) does not
cause cell death like the wild-type Vpr, but it induces cell
elongation, a hallmark of the G, arrest and/or delay that can be
readily measured (4, 5, 13, 41). As shown in Fig. 5A, expression
of vpr(F34I) in the RE076 strain induced cell elongation that is
typical of a cell cycle G, delay (4, 13). Cell length measurement
27 h after gene induction indicated that vpr-expressing cells
were longer than vpr-repressing cells (17.2 = 0.2 wm versus
10.3 = 1.1 pm), which is consistent with our previous obser-
vations (4, 13). Given that both Srkl and Vpr induce cell
elongation, we tested the potential additive effect of these two
proteins when the two genes were coexpressed. If an additive
effect were observed, it would suggest that Vpr and Srk1 exert
their effects in separate and independent regulatory pathways.
If no additive cell elongation were detected, it would indicate
that Vpr and Srk1 may work in concert in the same regulatory
pathway for Vpr-induced cell cycle G, arrest. As shown in Fig.
5A, even though the expression of vpr(F34I) or srkl caused
significant cell elongation (17.2 = 0.2 wm and 38.9 * 4.4 pum,
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FIG. 4. Kinase Srk1, instead of Chk1 or Cdsl, is required by Vpr for the nuclear export of Cdc25. (A) Deletions of the chkl, cdsl, or chkl/cds]
genes are unable to block Vpr-mediated nuclear export of Cdc25, but deletion of the srk! gene abrogated the Vpr effect on Cdc25. All of the fission
yeast strains, i.e., the wild-type (SP223), Asrkl (RA112), Achkl (SH4), Achkl/Acds] (SH5), and Acds1 (SH6) strains, were transformed with either
PREP41x-gfp-cdc25/pYZ2N-vpr or pREP41x-gfp-cdc25, respectively. Cells were grown for 20 h in minimal EMM selective liquid medium in the
absence of thiamine to induce gene expression. Cell images were captured to document the cell morphology, and the localization of Cdc25-GFP
was visualized by viewing the emission of green fluorescence with a Leica fluorescence microscope. Immunoblot analysis was performed to confirm
the proper expression of vpr in every yeast strain. The vpr-repressing and vpr-expressing cells were collected and lysed 20 h after gene induction.
Equal amounts of proteins (25 pg) were loaded onto SDS-PAGE gels, and Vpr was visualized with anti-Vpr (dilution, 1/500). The same levels of
Vpr proteins were expressed in each of these samples (data not shown). (B) Deletion of the srkl gene has no obvious effect on the localization
of Cdc25 under normal growth conditions. The srkI™* and Asrkl yeast strains were transformed with pREP41x-GFP, pREP41x-GFP-cdc25, or
PREP41x-GFP-cdc25(9A4) and grown and assayed as described for panel A. Bar, 10 pm.

respectively), coexpression of these two genes did not further
elongate cells as expected from an additive effect. In fact, no
significant difference (n = 3, p > 0.1) was measurable between
wild-type cells expressing srk! alone (38.9 = 4.4 um) and cells
expressing both srkl and vpr (36.2 = 1.7 wm). Similarly, coex-
pression of the vpr gene with srk1(K153A4) did not display any
additive effect either, since this yielded a cell length of 18.9 +
0.9 wm, which is essentially the same (n = 3, p > 0.01) as for
cells that only express srkl(K1534) (18.0 = 0.5 wm). Since the
cell length measurement showed no additive effect, Vpr is most
likely inducing cell cycle G, arrest by promoting the nuclear
export of Cdc25 at least in part through Srkl.

To further test the genetic relationship between Vpr and
Srk1 or whether Srkl1 is required for Vpr-induced cell cycle G,
arrest, a vpr-expressing fission yeast Asrkl strain (SH2) was
generated to measure Vpr-induced cell elongation in the ab-
sence of Srk1l. Compared to the effect of Vpr on the wild-type
(srk1™) cells, a significant reduction of Vpr-induced cell elon-
gation was observed in the Asrk! cells (Fig. 5B). As expected
from the Vpr effect, an average cell length of 17.1 = 0.1 pm
(Fig. 5B, top row) was observed in the srkI " cells (4, 13), which
is significantly longer (n = 3, p << 0.001) than for Asrk1 cells
(12.2 = 1.4 pm) (Fig. 5B, bottom row). Thus, srk! gene dele-
tion appeared to block Vpr-induced cell elongation. However,
continued monitoring of the cell length in Asrk! cells showed
that the suppressive effect of the srk! deletion on Vpr-induced

cell elongation is temporary since the cell length increased to
a level similar to that of wild-type cells (data not shown).
Therefore, Srkl is likely to be partially responsible for Vpr-
induced cell cycle G, arrest.

Immunoprecipitation was also carried out to test potential
Vpr-Srkl interactions in vivo. HA-tagged Srk1, Srk1(K153A),
or L3 was coproduced with Vpr in the RE007 strain (4). The
L3 protein, which is an irrelevant ribosomal protein, was used
as a negative control for detecting the specificity of the immu-
noprecipitation essay. HA-tagged Srkl or L3 was first pulled
down by the anti-HA antibody, and the presence of Vpr was
detected by using anti-Vpr serum. As shown in Fig. 5C, lanes
6 and 9, Vpr was coimmunoprecipitated with both Srkl and
Srk1(K153A). However, no Vpr was detected in the immuno-
precipitated L3 extracts (Fig. 5C, lane 12), suggesting that Vpr
specifically interacts with Srkl. We noted, however, that
Srk1(K153A) also binds Vpr with slightly less intensity. Since
our data (Fig. 5A) suggested that the Srk1(K153A) mutant
may have a residual kinase activity, this binding likely repre-
sents the residual kinase activity of Srk1. Taken together, these
results indicate that Vpr induces cell cycle G, arrest in part
through a direct association with Srk1.

MK?2, a human homologue of Srkl kinase, is required for
Vpr-induced cell cycle G, arrest in mammalian cells. MK2 is a
mammalian homologue of Srk1 (1, 55). Importantly, both Srk1
and MK2 directly phosphorylate and inhibit Cdc25 (35, 38). To
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FIG. 5. Vpr induces cell cycle G, arrest through direct interaction with Srkl. (A) Coexpression of vpr and srk! showed no additive effect on
Vpr-induced cell elongation. (a) Overexpression of srk! induces cell cycle G, arrest with cell elongation. The wild-type (SP223) yeast strain was
transformed with pREP1-srk1(6HisHA) or pREP1-srk1(K1534)(6HisHA) and grown for 27 h in the minimal selective EMM liquid culture either
in the presence or in the absence of thiamine to induce gene expression. The average cell length and standard derivation was measured on at least
100 cells by using the OpenLab software and based on three independent experiments. (b) Coexpression of vpr and srkl showed no additive effect
on Vpr-induced cell elongation. The RE076 fission yeast strain, which carries a single integrated copy of F34Ivpr gene (13), was transformed with
pREP1-srk1(6HisHA) or pREP1-srk1(K1534)(6HisHA) and grown and assayed as described for panel Aa. Immunoblot analysis was performed to
confirm the expression of srkl(6HisHA), srk1(K153A4)(6HisHA), and vpr in the SP223 and REQ76 strains transformed with pREP1-srk1(6HisHA)
or pREP1-srk1(K1534)(6HisHA). The same levels of Vpr or Srk1 proteins were expressed in each of these samples (data not shown). (B) Deletion
of the srk1 gene abolished Vpr-induced cell elongation. The srkI " (RE076) and Asrk! (SH2) fission yeast strains were grown for 20 h in the minimal
selective EMM liquid culture in the presence [vpr(F341)-off] or in the absence [vpr(F341)-on] of thiamine to induce vpr gene expression. Cell length
was measured as described for Fig. 1A. Immunoblot analysis was performed to confirm the expression of vpr in the srk1™ and Asrkl strains. The
vpr-repressing and vpr-expressing cells were collected and lysed after 20 h of gene induction. Equal amounts of proteins (25 ug) were loaded onto
SDS-PAGE gels, and the Vpr was visualized by using anti-Vpr (dilution, 1/500). The same levels of Vpr proteins were expressed in each of these
samples (data not shown). (C) Vpr directly interacts with Srk1, as indicated by immunoprecipitation. The RE007 yeast strain was transformed with
pREP1-srk1(6HisHA), pREP1-srk1(K153A4)(6HisHA), or pPREP1-L3(6HisHA) and was grown in the selective liquid culture for 24 h in the presence
or in the absence of thiamine to induce gene expression. Srkl was then immunoprecipitated with anti-HA antibody from cell extracts. The protein
L3 was used here as a nonspecific protein control during the immunoprecipitation experiment. G.I., gene induction; IP, immunoprecipitation; TE,
total extract. Bar, 10 pm.
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address the question of whether MK2, like Srk1, is involved in
Vpr-induced cell cycle G, arrest in mammalian cells, a potent
and specific inhibitor (MK2a) of the MK2 kinase was used to
test its effect on Vpr-induced G, arrest. MK2a selectively in-
hibits p38a-mediated MK2 phosphorylation (10, 37). A human
DL-3 cell line, which was derived from an HEK293 cell carry-
ing a stable and muristerone A-inducible vpr gene (34, 67), was
used to test the MK2a effect. The expression of vpr was in-
duced by the addition of muristerone A at a final concentration
of 1 wM. At 24 h prior to vpr gene induction, the MK2-specific
inhibitor (MK2a) was added at a final concentration of 50 uM.
The cells were collected 72 h after gene induction for flow
cytometry analysis. As we described previously (4, 33), the
induction of vpr gene expression in the DL-3 cells resulted in a
significant accumulation (68.6%) of the G,/M cells, whereas
the DL-3 cells without vpr gene induction had a normal cell
cycle profile with only 17.3% of its cell population at the G,/M
phase (Fig. 6Ba). In contrast, no significant G, accumulation
was observed in the vpr-expressing cells when they were treated
with MK2a. The percentage of cells at the G,/M phase de-
creased from 68.6 to 37.3% between vpr-repressing cells in the
absence or presence of MK2a (Fig. 6Aa). Compared to the
same MK2a-treated cells without Vpr, no significant difference
(17.3% versus 19.6%) was seen between vpr-repressing cells in
the absence or presence of MK2a (Fig. 6Ba), indicating that
MK?2a treatment has no obvious effect on the cell cycle profile.
Therefore, these results suggest that MK2 kinase activity, like

FIG. 6. MK2, a human homologue of Srkl, is required for Vpr-
induced cell cycle G, arrest in mammalian cells. (A) Treatment of
vpr-expressing HEK293 cells with the MK2 inhibitor (MK2a) abol-
ished Vpr-induced G, arrest. (a) Cell cycle profile analysis by flow
cytometry. The DL-3 cells, which are derivatives of HEK293 carrying
a stable and muristerone A-inducible vpr gene (34, 67), were grown in
Dulbecco modified Eagle medium, and the expression of vpr was in-
duced by the addition of muristerone A at a final concentration of 1
wM. At 24 h prior to vpr gene induction, the MK2-specific inhibitor
(MK2a) was added at a final concentration of 50 pM. The cells were
collected 72 h after gene induction for flow cytometry analysis. (b)
Immunoblotting was performed to confirm the expression of vpr in
DL-3 cells. The vpr-repressing and vpr-expressing cells were prepared
as described for the flow cytometric analysis. Cells were collected and
lysed 72 h after gene induction. Equal amounts of proteins (50 wg)
were loaded onto SDS-PAGE gels, and the Vpr was visualized by using
anti-Vpr (dilution, 1/300). (B) Depletion of MK2 gene expression by
siRNA abrogated Vpr-induced G, arrest. (a) The DL-3 cells were
prepared as described for panel A. At 24 h prior to vpr gene induction,
siRNA-MK2 was transfected into the cells. The cells were collected
72 h after gene induction for flow cytometry analysis. Reduction of the
MK?2 protein production was confirmed by the immunoblot analysis
shown in (shown in panel Bb). (c) Images of HEK293 cell morphology
with (+) or without (=) the knockdown of MK2 were captured by
Leica microscopy with cells collected 72 h after the addition of siRNA-
MK?2. (C) Depletion of MK2 reduces Cdc25C-Ser216 phosphorylation
and partially restores the Cdc25C protein level in the presence of Vpr.
The DL-3 cells described for panel Bc with or without the knockdown
of MK2 were collected at the indicated times. The proteins extracted
were subjected to the Western blot analysis. Phosphorylation of
Cdc25C at the Ser216 residue was detected by using monoclonal anti-
Cdc25C antibody (Cell Signal). Total protein levels of Cdc25C and
MK?2 were detected by using a monoclonal antibody (UpState) and
polyclonal anti-MK2 antibody (Cell Signaling), respectively.
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that of Srk1 kinase, is at least in part required for Vpr-induced
cell cycle G, arrest.

Even though the MK2a is a specific inhibitor of MK2 (10,
37), a chemical inhibitor could have other uncovered effects
that may have obscured the observed results. To verify the
specific involvement of MK2 in Vpr-induced G, arrest, we took
advantage of the siRNA technology to specifically downregu-
late the production of MK2 protein. As shown in Fig. 6BbD,
greatly reduced protein levels of MK2 were detected when the
DL-3 cells were transfected with a commercial siRNA that was
designed and validated to specifically silence the expression of
the MK2 gene (Ambion). To test the depleting effect of MK2
on Vpr-induced G, arrest, the specific anti-MK2 siRNA was
transfected into the DL-3 cells 24 h before the induction of the
vpr gene expression. The vpr-expressing cells were collected
72 h after gene induction for flow cytometry analysis (Fig.
6Ba). As shown in Fig. 6Ba, the cells displayed normal cell
cycle profiles regardless of the siRNA treatment, indicating
that the siRNA had no significant effect on the cell cycle.
Consistent with the idea that Vpr induces cell cycle G, arrest
in DL-3 cells (4, 33), the vpr-expressing cells had a marked
accumulation of G, cells. The percentage of G, cells increased
from 22.6% without Vpr to 70.9% with Vpr (Fig. 6Ba). How-
ever, the number of G, cells was markedly reduced in cells in
which MK2 was depleted by siRNA (21.0% versus 70.9%). To
ensure that the observed suppression of Vpr-induced G, arrest
in the MK2 knockdown cells was not due to a potential side
effect on cell proliferation or viability, three additional exper-
iments were carried out to compare the doubling times, cell
morphology, and cell death of the HEK293 cells with or with-
out knockdown of MK2. As shown in Fig. 6Bc, there were few
or no obvious changes of cell morphology between the MK2
knockdown cells and the control cells. Measurement of cell
growth over a period of 96 h showed that the average doubling
time for the control cells was 24.7 h, whereas a significant
reduction in growth was seen in the MK2 knockdown cells,
with an average doubling time of 63.7 h. However, very little
cell death was detected in either cell type when trypan blue
staining was used to detect possible dead cells. An average of
3.89% * 1.95% dead cells was observed in the MK2 knock-
down cells, with 1.64 = 0.88% dying cells seen in the control
cells.

Since Srk1/MK2 recognize the same phosphorylation sites
on Cdc25/Cdc25C as on Chkl1/Chk2 (35, 38), we tested the
potential effect of MK2 depletion on the total Cdc25C protein
level and phosphorylation on Ser216. DL-3 cells with or with-
out vpr gene expression were collected 24, 48, or 72 h after
gene induction. Somewhat similar to our observations in fission
yeast, Vpr appears to affect the total protein levels of Cdc25C
by conferring small levels (Fig. 6C, row 2, lanes 4 to 6) to
moderate levels (data not shown) of reduction. Interestingly,
depletion of MK2 resulted in a significant reduction in the
Cdc25C (Fig. 6C, lanes 7 to 12). It is clearly noticeable, how-
ever, that small increases in the Cdc25C protein levels were
consistently observed in the vpr-expressing cells compared to
the vpr-repressing cells (Fig. 6C, lanes 10 to 12 versus lanes 7
to 9). These data suggest that MK2 may normally stabilize
Cdc25C protein but that, in the presence of Vpr, Vpr mediates
its effect through MK2 and results in a small reduction in
Cdc25C observed in the wild-type cells.

J. VIROL.

Despite the small differences in Cdc25C protein levels found
between the vpr-repressing and vpr-expressing cells, an increas-
ing phosphorylation of Cdc25C-Ser216 was observed over
time, with the highest phosphorylation levels observed at 72 h
after gene induction (Fig. 6C, row 1, lane 6), suggesting that
Vpr promotes the phosphorylation of Cdc25C-Ser216. Notice-
ably, however, a very strong phosphorylation of Cdc25C was
also observed in vpr-suppressing cells (Fig. 6C, lane 3). Since
Cdc25C-Ser216 phosphorylation does not accumulate through
multiple cell cycles, this increase was presumably due to the
low-level expression of vpr that is commonly found in many of
the inducible gene systems (46, 59). Significantly, the depletion
of MK2 strongly reduced the phosphorylation levels of
Cdc25C-Ser216 in both vpr-repressing and vpr-expressing cells,
indicating that MK2 indeed promotes at least in part the phos-
phorylation of Cdc25C-Ser216.

DISCUSSION

We demonstrated here that Vpr-induced cell cycle G, arrest
is mediated at least in part through modulation of the Srkl1/
MK?2 kinase, which exerts inhibitory effects on the Cdc25 phos-
phatase (Fig. 1B and C). Similar to the cellular checkpoint
responses to DNA damage or inhibition of DNA replication,
Vpr expels Cdc25 from the nucleus to the cytoplasm, where it
can no longer access Cdc2/Cdk1; thus, Cdc25 is no longer able
to promote cellular entry to mitosis. The similarity between the
effect of Vpr and the DNA checkpoints upon nuclear export of
Cdc25 is further extended to the requirement for Cdc25 phos-
phorylation (Fig. 1B) and the dependency of Rad24 (Fig. 2A)
on an active Crml-mediated nuclear-cytoplasmic shuttling
(Fig. 2B). Unlike the mitotic DNA checkpoints, however, ge-
netic mutants that are defective in the early (rad3) or late
(chkl, cdsl and chkl/cdsl) mitotic DNA checkpoint pathway
are not directly involved in the nuclear exclusion of Cdc25
induced by Vpr (Fig. 3B and 4A), suggesting that Vpr may use
an alternative signaling pathway to drive out Cdc25 in S.
pombe. Moreover, since Cdc25 is typically phosphorylated ei-
ther by Chkl or Cdsl during cellular mitotic checkpoints (6,
60), our data suggest that Srkl, a different kinase that phos-
phorylates Cdc25 in a similar manner to Chkl or Cds1 during
the normal cell cycle (35), is required for the nuclear export of
Cdc25 (Fig. 4A). A requirement for the Srkl-like kinase in
Vpr-induced cell cycle G, arrest in mammalian cells was fur-
ther confirmed by the siRNA-mediated depletion of the MK2
gene, a mammalian homologue of Srkl that decreases the G,
arrest (Fig. 6A). Moreover, inhibiting the MK2 kinase activity
with a specific inhibitor MK2a exhibits a similar level of reduc-
tion of the G, arrest (Fig. 6B), supporting the idea that Srk1/
MK?2 kinase is required at least in part for the induction of cell
cycle G, arrest by Vpr.

Cell cycle G, arrest induced by Vpr is attributed to the
inhibitory hyperphosphorylation of Cdc2/Cdk1 both in fission
yeast and in mammalian cells (12, 22). The phosphorylation
status of Cdc2/Cdk1 is normally regulated by the Weel kinase
and the Cdc25 phosphatase during the normal cell cycle. In the
situation of the mitotic DNA checkpoint controls, either the
Weel kinase could be upregulated or the Cdc25 phosphatase
could be downregulated. Consequently, the Cdc2/Cdkl be-
comes inactive due to hyperphosphorylation that leads to cell
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cycle G,/M arrest. In the case of Vpr-induced G, arrest, both
activation of the Weel kinase and inhibition of the Cdc25
phosphatase have been reported (3, 13, 18, 25, 41, 42, 58).
However, the molecular mechanism underlying the inhibitory
effect of Vpr on Cdc25 is not fully understood. The require-
ment of Cdc25 in Vpr-induced G, arrest was initially shown in
fission yeast (13), in which double mutations of cdc25 and weel
synergistically reduced the G, induction by Vpr, and in vitro
Cdc25 activity analysis further showed that Vpr inhibits Cdc25
activity. Studies in mammalian cells confirmed that Vpr inhib-
its Cdc25C activity and further showed that the inhibitory ef-
fect of Vpr on Cdc25 is conferred by direct Vpr-Cdc25C in-
teraction (18). However, the results of that study raised a
question as to whether the Cdc25C phosphatase activity or the
binding of Vpr to Cdc25C is necessary for Vpr-induced G,
arrest since the expression of both a catalytically active mutant
of Cdc25C that has reduced binding to Vpr and a catalytically
inactive mutant of Cdc25C that retains binding to Vpr was able
to largely overcome the Vpr-mediated G, arrest (18). Other
studies in fission yeast and mammalian cells suggested that
nuclear exclusion of Cdc25, a typical cellular mitotic DNA
checkpoint response (36), may also play a role in Vpr-induced
G, arrest (13, 25). In fission yeast, the overexpression of rad25,
a sibling gene of rad24 and a human homologue of 14-3-3,
markedly enhanced Vpr-induced G, arrest (13). Both Rad25
and Rad24, like mammalian 14-3-3, inhibit Cdc25 in fission
yeast by exporting phosphorylated Cdc25 from the nucleus to
the cytoplasm (36, 49). This finding was further verified in
mammalian cells, in which 14-3-3 overexpression synergized
with Vpr in the arrest of the cell cycle (25). Moreover, Vpr
interacts directly with both 14-3-3 and Cdc25C (25). Consistent
with the role of 14-3-3 in the nuclear exporting of Cdc25, vpr
expression indeed shifted the localization of the Cdc25C
S216A mutant to the cytoplasm. The Cdc25C S216A mutant
was used presumably because the wild-type Cdc25C predomi-
nantly resides in the cytoplasm of the normal proliferating
human cells, which are mostly in the G, phase of the cell cycle
(9, 11, 20, 36). The S216A mutation, which partially interrupts
the binding of 14-3-3 to Cdc25C (8), moderately shifted
Cdc25C to the nucleus, thus allowing testing of the effect of
Vpr on the nuclear export of Cdc25. Interestingly, however,
the expression of vpr was able to push the Cdc25C S216A back
to the cytoplasm (25), raising the question of whether the
14-3-3 is indeed needed for nuclear transport of Cdc25C or
whether perhaps additional phosphorylation sites are also in-
volved in the binding of 14-3-3 to Cdc25C. Resolving this issue
is difficult in mammalian cells since there are three Cdc25
homologues. To answer this question, we turn to the fission
yeast model system, in which only one Cdc25 phosphatase is
present. The results our studies showed that, as in mammalian
cells, the expression of vpr does promote the nuclear export of
Cdc25. In addition, this nuclear exporting process requires
Rad?24, since the deletion of rad24 largely blocked the nuclear
export of Cdc25 (Fig. 2A). The requirement for Rad24 and the
possible binding of Rad24 to Cdc25 for the nuclear-cytoplas-
mic shutting was further strengthened by our finding shown
that amino acid substitution of all nine serine/threonine phos-
phorylation sites of Cdc25 with alanine [Cdc25(9A)] not only
interrupted the Rad24/14-3-3 binding to Cdc25 (39, 40, 57) but
also completely abolished the cytoplasmic shift of Cdc25 in-
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duced by Vpr (Fig. 1Ba, bottom row). Given the fact that
Cdc25 dephosphorylates Cdc2/Cdk1 in the nucleus to promote
mitosis, it seems likely that the most efficient way to prevent
phosphorylation of Cdc2/Cdkl by Cdc25 is to keep it away
from the nucleus. Therefore, we propose that Vpr promotes an
active nuclear transport of Cdc25 via a Crm1-mediated mech-
anism that leads to the sequestration of this phosphatase into
the cytoplasm and away from its nuclear substrate of Cdc2. Vpr
might modulate Cdc25 by changing the binding specificity to
Rad24/14-3-3 through the phosphorylation status of Cdc25.
Until now, it was unknown which kinase is responsible for
the phosphorylation of Cdc25 induced by Vpr. In cellular re-
sponses to DNA damage or inhibition of DNA replication,
Cdc25 is typically phosphorylated either by Chkl or by Chk2
(27, 36, 49, 54, 61). However, our data showed here that nei-
ther Chk1 nor Cdsl is required for the Vpr-mediated nuclear
export of Cdc25 (Fig. 4A). These findings are consistent with
previous genetic studies in fission yeast showing that the dele-
tion of chkl and/or cdsl does not suppress Vpr-induced cell
cycle G, arrest (13, 41, 42). In the present study, we demon-
strated that a different Srk1 kinase that regulates the G,/M
transition through inhibitory phosphorylation of Cdc25 during
normal cell cycle (35) is specifically involved in the nuclear
export of Cdc25 induced by Vpr. The specific requirement of
Srkl by Vpr is demonstrated by the observation that the dele-
tion of the srkl gene almost completely prevented the nuclear
transport of Cdc25 (Fig. 4A, bottom row). This finding is in
sharp contrast to the deletions of chk! and/or cdsl. Neither
deletion, when tested individually or combined, was able to
reduce the shift of Cdc25 to the cytoplasm (Fig. 4A). Our data
further suggested that both Vpr and Srkl work in concert to
inhibit Cdc25. The fact that no additive effect of Vpr/Srkl-
induced cell elongation was observed when vpr and srkl were
coexpressed suggests they both exert their inhibitory effect on
Cdc25 through the same pathway. That the deletion of srkl/
blocks the nuclear transport of Cdc25 (Fig. 4A) and Vpr-
induced cell elongation (Fig. 5B) further indicates that Vpr is
most likely located upstream of Srkl in the signaling pathway
leading to cell cycle G, arrest. It was noticed, however, that the
blocking of Vpr-induced cell elongation by Asrk is only tem-
porary since these vpr-expressing cells ultimately became elon-
gated (data not shown). This phenomenon suggested two pos-
sibilities. First, there might be another kinase that can
phosphorylate Cdc25 in the absence of Srk1. This possibility is
unlikely because the deletion of srkl blocks the nuclear trans-
port of Cdc25 over the entire testing period (Fig. 4A). Alter-
natively, the observed effect may have been caused by upregu-
lation of the Weel kinase induced by Vpr. In this case,
upregulated Weel can cause hyperphosphorylation of Cdc2/
Cdk1 even if the Cdc25 phosphatase is at its normal physio-
logical level. This possibility is certainly supported by early
studies from both fission yeast and mammalian cells showing
that increased levels of the Weel kinase are necessary for
Vpr-induced G, arrest (42, 58). With regard to the relationship
of Vpr and Srkl, the results of the coimmunoprecipitation
experiment further showed that the inhibition of Cdc25 by Vpr
is modulated through the Srk1 kinase via direct protein-protein
interaction (Fig. 5C). It was noted that Srk1(K153A), a cata-
lytically inactive mutant (35), also binds to Vpr. We assume
that this is because the residual kinase activity left in this
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FIG. 7. Putative model for Srk1/MK2-mediated nuclear-cytoplas-
mic shuttling of Cdc25 during cell cycle G, arrest induced by Vpr.

Nuclear Cdc25
S/T

mutant as overexpression of the srk/(K153A) gene also in-
duced cell elongation to a level that is similar to that for Vpr
but much less than that for the wild-type Srkl (Fig. 5A).

Finding a fission yeast kinase, such as Srk1, other than Chk1
or Cdsl, involved in the inhibitory phosphorylation of Cdc25
induced by Vpr is physiologically relevant to the Vpr effect in
mammalian cells because the inhibition of the MK2 kinase, a
mammalian homologue of Srkl, showed a similar strong re-
duction of Vpr-induced G, arrest in mammalian cells. How-
ever, whether the mammalian Chk1 or Chk2 is also involved in
the inhibitory phosphorylation of Cdc25 is unknown at present.
Since ATM activates Chkl and ATM is not specifically in-
volved in Vpr-induced G, arrest (3), it is less likely that Chk2
participates in the inhibition of Cdc25-induced Vpr. Chkl,
however, has been shown to be specifically required for Vpr-
induced G, arrest (28, 33, 53). Whether Chkl is also activated
by Vpr to phosphorylate Cdc25 and to promote the nuclear
export of Cdc25 has yet to be tested. Interestingly, unlike Srk1,
the mammalian MK2 has recently been implicated in the DNA
damage checkpoint, since MK2-deficient cells display an al-
most complete loss of the UV-induced G, checkpoint (38).
Since the DNA damage checkpoint is less likely involved in
Vpr-induced G, arrest (3), it is unclear at the moment how
MK?2 fits into the checkpoint scheme of the Vpr effect. Alter-
natively, the finding that MK?2 participates in the DNA damage
checkpoint could represent another example of the redun-
dancy of mammalian proteins in executing a specific cellular
function (62, 63). On the other hand, since Srkl has not been
implicated in DNA checkpoints, our findings may emphasize
the unique aspect of the Vpr effect on the host cell cycle
regulation compared to the classic mitotic DNA checkpoints.

In summary, we report here that Vpr induces cell cycle G,
arrest in part by the inhibitory phosphorylation and nuclear
export of Cdc25, which is modulated through the Srk1/MK2
kinase. Specifically, we propose that Vpr activates the Srk1/
MK?2 kinase by direct protein-protein interaction (Fig. 7). The
activated Srk1/MK2 phosphorylates Cdc25 at the serine/threo-
nine sites, which promotes the binding of Rad24/14-3-3 to
Cdc25. The association of Rad24/14-3-3 with Cdc25 leads to
the export of Cdc25 from the nucleus to the cytoplasm through
an active nuclear-cytoplasmic shuttling involving Crm1. Con-
sequently, the nuclear exclusion of Cdc25 prevents the dephos-
phorylation of Cdc2/Cdk1 by Cdc25 that results in the hyper-
phosphorylation of Cdc2/Cdkl, leading to the cell cycle G,
arrest.

J. VIROL.

ACKNOWLEDGMENTS

Many of the fission yeast strains used in this study were received
from various laboratories. We thank Paul Russell for the Acds/ and
Achkl/Acds! strains, Paul G. Young for the Q2016 and Q2019 strains,
and David Beach for the SP223 and Achk! strains. We are also grateful
to Lee Ratner for providing the muristerone A-inducible HEK293VE-
632 cell line and to Helen Piwnica-Worms for providing the plasmids
pREP41x-gfp, pREP41x-gfp-cdc25, and pREP41x-gfp-cdc25(9A4). We
are also thankful to Rosa Aligue for providing the RA112 (Asrkl)
strain and pREP1-srk1(6HisHA), pREP1-srk1(K1534)(6HisHA), and
pREP1-L3(6HisHA).

This study was supported in part by National Institutes of Health
grants AI40891 and GM63080 (R.Y.Z.).

REFERENCES

1. Asp, E., and P. Sunnerhagen. 2003. Mkp1 and Mkp2, two MAPKAP-kinase
homologues in Schizosaccharomyces pombe, interact with the MAP kinase
Styl. Mol. Genet. Genomics 268:585-597.

2. Baber-Furnari, B. A., N. Rhind, M. N. Boddy, P. Shanahan, A. Lopez-
Girona, and P. Russell. 2000. Regulation of mitotic inhibitor Mik1 helps to
enforce the DNA damage checkpoint. Mol. Biol. Cell 11:1-11.

3. Bartz, S. R., M. E. Rogel, and M. Emerman. 1996. Human immunodeficiency
virus type 1 cell cycle control: Vpr is cytostatic and mediates G, accumula-
tion by a mechanism which differs from DNA damage checkpoint control.
J. Virol. 70:2324-2331.

4. Benko, Z., D. Liang, E. Agbottah, J. Hou, K. Chiu, M. Yu, S. Innis, P. Reed,
W. Kabat, R. T. Elder, P. Di Marzio, L. Taricani, L. Ratner, P. G. Young, M.
Bukrinsky, and R. Y. Zhao. 2004. Anti-Vpr activity of a yeast chaperone
protein. J. Virol. 78:11016-11029.

5. Benko, Z., D. Liang, E. Agbottah, J. Hou, L. Taricani, P. G. Young, M.
Bukrinsky, and R. Y. Zhao. 2007. Antagonistic interaction of HIV-1 Vpr
with Hsf-mediated cellular heat shock response and Hsp16 in fission yeast
(Schizosaccharomyces pombe). Retrovirology 4:16.

6. Boddy, M., B. Furnari, O. Mondesert, and P. Russell. 1998. Replication
checkpoint enforced by kinases Cds1 and Chk1. Science 280:909-912.

7. Chua, G., C. Lingner, C. Frazer, and P. G. Young. 2002. The sal3(+) gene
encodes an importin-beta implicated in the nuclear import of Cdc25 in
Schizosaccharomyces pombe. Genetics 162:689-703.

8. Conklin, D. S., K. Galaktionov, and D. Beach. 1995. 14-3-3 proteins associate
with cdc25 phosphatases. Proc. Natl. Acad. Sci. USA 92:7892-7896.

9. Dalal, S. N., C. M. Schweitzer, J. Gan, and J. A. DeCaprio. 1999. Cytoplas-
mic localization of human cdc25C during interphase requires an intact 14-3-3
binding site. Mol. Cell. Biol. 19:4465-4479.

10. Davidson, W., L. Frego, G. W. Peet, R. R. Kroe, M. E. Labadia, S. M. Lukas,
R. J. Snow, S. Jakes, C. A. Grygon, C. Pargellis, and B. G. Werneburg. 2004.
Discovery and characterization of a substrate selective p38alpha inhibitor.
Biochemistry 43:11658-11671.

11. Decottignies, A., P. Zarzov, and P. Nurse. 2001. In vivo localization of fission
yeast cyclin-dependent kinase cdc2p and cyclin B cdc13p during mitosis and
meiosis. J. Cell Sci. 114:2627-2640.

12. Elder, R. T., M. Yu, M. Chen, S. Edelson, and Y. Zhao. 2000. Cell cycle G,
arrest induced by HIV-1 Vpr in fission yeast (Schizosaccharomyces pombe) is
independent of cell death and early genes in the DNA damage checkpoint.
Virus Res. 68:161-173.

13. Elder, R. T., M. Yu, M. Chen, X. Zhu, M. Yanagida, and Y. Zhao. 2001.
HIV-1 Vpr induces cell cycle G, arrest in fission yeast (Schizosaccharomyces
pombe) through a pathway involving regulatory and catalytic subunits of
PP2A and acting on both Weel and Cdc25. Virology 287:359-370.

14. Frankel, A. D., and J. A. Young. 1998. HIV-1: fifteen proteins and an RNA.
Annu. Rev. Biochem. 67:1-25.

15. Furnari, B., A. Blasina, M. N. Boddy, C. H. McGowan, and P. Russell. 1999.
Cdc25 inhibited in vivo and in vitro by checkpoint kinases Cds1 and Chk1.
Mol. Biol. Cell 10:833-845.

16. Furnari, B., N. Rhind, and P. Russell. 1997. Cdc25 mitotic inducer targeted
by Chkl DNA damage checkpoint kinase. Science 277:1495-1497.

17. Gibbs, J. S., A. A. Lackner, S. M. Lang, M. A. Simon, P. K. Sehgal, M. D.
Daniel, and R. C. Desrosiers. 1995. Progression to AIDS in the absence of
a gene for vpr or vpx. J. Virol. 69:2378-2383.

18. Goh, W. C., N. Manel, and M. Emerman. 2004. The human immunodefi-
ciency virus Vpr protein binds Cdc25C: implications for G, arrest. Virology
318:337-349.

19. Goh, W. C., M. E. Rogel, C. M. Kinsey, S. F. Michael, P. N. Fultz, M. A.
Nowak, B. H. Hahn, and M. Emerman. 1998. HIV-1 Vpr increases viral
expression by manipulation of the cell cycle: a mechanism for selection of
Vpr in vivo. Nat. Med. 4:65-71.

20. Graves, P. R., L. Yu, J. K. Schwarz, J. Gales, E. A. Sausville, P. M.
O’Connor, and H. Piwnica-Worms. 2000. The Chk1 protein kinase and the
Cdc25C regulatory pathways are targets of the anticancer agent UCN-01.
J. Biol. Chem. 275:5600-5605.

21. Hattori, N., F. Michaels, K. Fargnoli, L. Marcon, R. C. Gallo, and G.



VoL. 82, 2008

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Franchini. 1990. The human immunodeficiency virus type 2 vpr gene is
essential for productive infection of human macrophages. Proc. Natl. Acad.
Sci. USA 87:8080-8084.

He, J., S. Choe, R. Walker, P. Di Marzio, D., D. O. Morgan, and N. R.
Landau. 1995. Human immunodeficiency virus type 1 viral protein R (Vpr)
arrests cells in the G, phase of the cell cycle by inhibiting p34cdc2 activity.
J. Virol. 69:6705-6711.

Heinzinger, N. K., M. L. Bukinsky, S. A. Haggerty, A. M. Ragland, V. Kewal-
ramani, M. A. Lee, H. E. Gendelman, L. Ratner, M. Stevenson, and M.
Emerman. 1994. The Vpr protein of human immunodeficiency virus type 1
influences nuclear localization of viral nucleic acids in nondividing host cells.
Proc. Natl. Acad. Sci. USA 91:7311-7315.

Jowett, J. B., V. Planelles, B. Poon, N. P. Shah, M. L. Chen, and I. S. Chen.
1995. The human immunodeficiency virus type 1 vpr gene arrests infected T
cells in the G,+M phase of the cell cycle. J. Virol. 69:6304-6313.

Kino, T., A. Gragerov, A. Valentin, M. Tsopanomihalou, G. Ilyina-Grag-
erova, R. Erwin-Cohen, G. P. Chrousos, and G. N. Pavlakis. 2005. Vpr
protein of human immunodeficiency virus type 1 binds to 14-3-3 proteins and
facilitates complex formation with Cdc25C: implications for cell cycle arrest.
J. Virol. 79:2780-2787.

Kino, T., and G. N. Pavlakis. 2004. Partner molecules of accessory protein
Vpr of the human immunodeficiency virus type 1. DNA Cell Biol. 23:193-
205.

Kumagai, A., and W. G. Dunphy. 1999. Binding of 14-3-3 proteins and
nuclear export control the intracellular localization of the mitotic inducer
Cdc25. Genes Dev. 13:1067-1072.

Lai, M., E. S. Zimmerman, V. Planelles, and J. Chen. 2005. Activation of the
ATR pathway by human immunodeficiency virus type 1 Vpr involves its
direct binding to chromatin in vivo. J. Virol. 79:15443-15451.

Lambert, S., S. J. Mason, L. J. Barber, J. A. Hartley, J. A. Pearce, A. M.
Carr, and P. J. McHugh. 2003. Schizosaccharomyces pombe checkpoint re-
sponse to DNA interstrand cross-links. Mol. Cell. Biol. 23:4728-4737.
Lang, S. M., M. Weeger, C. Stahl-Hennig, C. Coulibaly, G. Hunsmann, J.
Muller, H. Muller-Hermelink, D. Fuchs, H. Wachter, M. M. Daniel, R. C.
Desrosiers, and B. Fleckenstein. 1993. Importance of vpr for infection of
rhesus monkeys with simian immunodeficiency virus. J. Virol. 67:902-912.
Lee, M., and P. Nurse. 1988. Cell cycle control genes in fission yeast and
mammalian cells. Trends Genet. 4:287-290.

Levy, D. N., Y. Refaeli, R. R. MacGregor, and D. B. Weiner. 1994. Serum Vpr
regulates productive infection and latency of human immunodeficiency virus
type 1. Proc. Natl. Acad. Sci. USA 91:10873-10877.

Li, G., R. T. Elder, K. Qin, H. U. Park, D. Liang, and R. Y. Zhao. 2007.
Phosphatase type 2A-dependent and -independent pathways for ATR phos-
phorylation of Chkl. J. Biol. Chem. 282:7287-7298.

Liang, D., Z. Benko, E. Agbottah, L. Taricani, P. G. Young, M. Bukrinsky,
and R. Y. Zhao. HSP27 as a potential intrinsic anti-HIV factor targeting
HIV-1 viral protein R. Mol. Med. 13:229-239.

Lopez-Aviles, S., M. Grande, M. Gonzalez, A. L. Helgesen, V. Alemany, M.
Sanchez-Piris, O. Bachs, J. B. Millar, and R. Aligue. 2005. Inactivation of the
Cdc25 phosphatase by the stress-activated Srk1 kinase in fission yeast. Mol.
Cell 17:49-59.

Lopez-Girona, A., B. Furnari, O. Mondesert, and P. Russell. 1999. Nuclear
localization of Cdc25 is regulated by DNA damage and a 14-3-3 protein.
Nature 397:172-175.

Lukas, S. M., R. R. Kroe, J. Wildeson, G. W. Peet, L. Frego, W. Davidson,
R. H. Ingraham, C. A. Pargellis, M. E. Labadia, and B. G. Werneburg. 2004.
Catalysis and function of the p38 alpha.MK2a signaling complex. Biochem-
istry 43:9950-9960.

Manke, I. A, A. Nguyen, D. Lim, M. Q. Stewart, A. E. Elia, and M. B. Yaffe.
2005. MAPKAP kinase-2 is a cell cycle checkpoint kinase that regulates the
G,/M transition and S phase progression in response to UV irradiation. Mol.
Cell 17:37-48.

Margolis, S. S., J. A. Perry, C. M. Forester, L. K. Nutt, Y. Guo, M. J. Jardim,
M. J. Thomenius, C. D. Freel, R. Darbandi, J. H. Ahn, J. D. Arroyo, X. F.
Wang, S. Shenolikar, A. C. Nairn, W. G. Dunphy, W. C. Hahn, D. M.
Virshup, and S. Kornbluth. 2006. Role for the PP2A/B56delta phosphatase
in regulating 14-3-3 release from Cdc25 to control mitosis. Cell 127:759-773.
Margolis, S. S., J. A. Perry, D. H. Weitzel, C. D. Freel, M. Yoshida, T. A.
Haystead, and S. Kornbluth. 2006. A role for PP1 in the Cdc2/cyclin B-
mediated positive feedback activation of Cdc25. Mol. Biol. Cell 17:1779-
1789.

Masuda, M., Y. Nagai, N. Oshima, K. Tanaka, H. Murakami, H. Igarashi,
and H. Okayama. 2000. Genetic studies with the fission yeast Schizosaccha-
romyces pombe suggest involvement of weel, ppa2, and rad24 in induction of
cell cycle arrest by human immunodeficiency virus type 1 Vpr. J. Virol.
74:2636-2646.

Matsuda, N., H. Tanaka, S. Yamazaki, J. Suzuki, K. Tanaka, T. Yamada,
and M. Masuda. 2006. HIV-1 Vpr induces G, cell cycle arrest in fission yeast
associated with Rad24/14-3-3-dependent, Chk1/Cds1-independent Weel up-
regulation. Microbes Infect. 8:2736-2744.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Srk1/MK2-MEDIATED Cdc25 PHOSPHORYLATION 2917

Maundrell, K. 1993. Thiamine-repressible expression vectors pREP and
pRIP for fission yeast. Gene 123:127-130.

Moreno, S., A. Klar, and P. Nurse. 1991. Molecular genetic analysis of fission
yeast Schizosaccharomyces pombe. Methods Enzymol. 194:795-823.
Munoz, M. J., E. R. Bejarano, R. R. Daga, and J. Jimenez. 1999. The
identification of Wos2, a p23 homologue that interacts with Weel and Cdc2
in the mitotic control of fission yeasts. Genetics 153:1561-1572.

Muotri, A. R., M. C. Marchetto, M. F. Suzuki, K. Okazaki, C. F. Lotfi, G.
Brumatti, G. P. Amarante-Mendes, and C. F. Menck. 2002. Low amounts of
the DNA repair XPA protein are sufficient to recover UV resistance. Car-
cinogenesis 23:1039-1046.

Nishi, K., M. Yoshida, D. Fujiwara, M. Nishikawa, S. Horinouchi, and T.
Beppu. 1994. Leptomycin B targets a regulatory cascade of crml, a fission
yeast nuclear protein, involved in control of higher order chromosome struc-
ture and gene expression. J. Biol. Chem. 269:6320-6324.

Nurse, P., P. Thuriaux, and K. Nasmyth. 1976. Genetic control of the cell
division cycle in the fission yeast Schizosaccharomyces pombe. Mol. Gen.
Genet. 146:167-178.

Peng, C. Y., P. R. Graves, R. S. Thoma, Z. Wu, A. S. Shaw, and H. Piwnica-
Worms. 1997. Mitotic and G, checkpoint control: regulation of 14-3-3 pro-
tein binding by phosphorylation of Cdc25C on serine-216. Science 277:1501—
1505.

Poon, B., K. Grovit-Ferbas, S. A. Stewart, and I. S. Y. Chen. 1998. Cell cycle
arrest by Vpr in HIV-1 virions and insensitivity to antiretroviral agents.
Science 281:266-269.

Re, F., D. Braaten, E. K. Franke, and J. Luban. 1995. Human immunodeficiency
virus type 1 Vpr arrests the cell cycle in G, by inhibiting the activation of
p34cdc2-cyclin B. J. Virol. 69:6859-6864.

Rogel, M. E., L. I. Wu, and M. Emerman. 1995. The human immunodefi-
ciency virus type 1 vpr gene prevents cell proliferation during chronic infec-
tion. J. Virol. 69:882-888.

Roshal, M., B. Kim, Y. Zhu, P. Nghiem, and V. Planelles. 2003. Activation of
the ATR-mediated DNA damage response by the HIV-1 viral protein R.
J. Biol. Chem. 278:25879-25886.

Sanchez, Y., C. Wong, R. S. Thoma, R. Richman, Z. Wu, H. Piwnica-Worms,
and S. J. Elledge. 1997. Conservation of the Chkl checkpoint pathway in
mammals: linkage of DNA damage to Cdk regulation through Cdc25. Sci-
ence 277:1497-1501.

Smith, D. A., W. M. Toone, D. Chen, J. Bahler, N. Jones, B. A. Morgan, and
J. Quinn. 2002. The Srkl protein kinase is a target for the Styl stress-
activated MAPK in fission yeast. J. Biol. Chem. 277:33411-33421.
Somasundaran, M., M. Sharkey, B. Brichacek, K. Luzuriaga, M. Emerman,
J. L. Sullivan, and M. Stevenson. 2002. Evidence for a cytopathogenicity
determinant in HIV-1 Vpr. Proc. Natl. Acad. Sci. USA 99:9503-9508.
Stanford, J. S., and J. V. Ruderman. 2005. Changes in regulatory phosphor-
ylation of Cdc25C Ser287 and Weel Ser549 during normal cell cycle pro-
gression and checkpoint arrests. Mol. Biol. Cell 16:5749-5760.

Yuan, H., M. Kamata, Y. M. Xie, and L. S. Chen. 2004. Increased levels of
Wee-1 kinase in G, are necessary for Vpr- and gamma irradiation-induced
G, arrest. J. Virol. 78:8183-8190.

Zabala, M., L. Wang, R. Hernandez-Alcoceba, W. Hillen, C. Qian, J. Prieto,
and M. G. Kramer. 2004. Optimization of the Tet-on system to regulate
interleukin 12 expression in the liver for the treatment of hepatic tumors.
Cancer Res. 64:2799-2804.

Zeng, Y., K. C. Forbes, Z. Wu, S. Moreno, H. Piwnica-Worms, and T. Enoch.
1998. Replication checkpoint requires phosphorylation of the phosphatase
Cdc25 by Cdsl or Chkl. Nature 395:507-510.

Zeng, Y., and H. Piwnica-Worms. 1999. DNA damage and replication check-
points in fission yeast require nuclear exclusion of the Cdc25 phosphatase via
14-3-3 binding. Mol. Cell. Biol. 19:7410-7419.

Zhao, R. Y., M. Bukrinsky, and R. T. Elder. 2005. HIV-1 viral protein R
(Vpr) and host cellular responses. Indian J. Med. Res. 121:270-286.

Zhao, R. Y., and R. T. Elder. 2005. Viral infections and cell cycle Gy/M
regulation. Cell Res. 15:143-149.

Zhao, Y., J. Cao, M. R. O’Gorman, M. Yu, and R. Yogev. 1996. Effect of
human immunodeficiency virus type 1 protein R (vpr) gene expression on
basic cellular function of fission yeast Schizosaccharomyces pombe. J. Virol.
70:5821-5826.

Zhao, Y., M. Chen, B. Wang, J. Yang, R. T. Elder, X.-q. Song, M. Yu, and N.
Saksena. 2002. Functional conservation of HIV-1 Vpr and variability in a
mother-child pair of long-term non-progressors. Viral Res. 89:103-121.
Zhou, Y., and L. Ratner. 2001. A novel inducible expression system to study
transdominant mutants of HIV-1 Vpr. Virology 287:133-142.

Zhu, Y., M. Roshal, F. Li, J. Blackett, and V. Planelles. 2003. Upregulation
of survivin by HIV-1 Vpr. Apoptosis 8:71-79.

Zimmerman, E. S., J. Chen, J. L. Andersen, O. Ardon, J. L. Dehart, J.
Blackett, S. K. Choudhary, D. Camerini, P. Nghiem, and V. Planelles. 2004.
Human immunodeficiency virus type 1 Vpr-mediated G, arrest requires
Rad17 and Husl and induces nuclear BRCAI and gamma-H2AX focus
formation. Mol. Cell. Biol. 24:9286-9294.



